The use of interleukin (IL)-12 as a new vaccine adjuvant for stimulating protective antiviral mucosal immunity has been examined. Mice were immunized intranasally (in) with an influenza vaccine consisting of soluble hemagglutinin (H1) and neuraminidase (N1) plus IL-12. This treatment resulted in elevated levels of lung and splenic interferon-g and IL-10 mRNA. Total and IgG2a anti-H1N1 antibody levels in serum were significantly elevated, as were total, IgG1, IgG2a, and secretory IgA antibody levels in bronchoalveolar lavage (BAL) fluids compared with animals receiving vaccine alone. Mice immunized in with vaccine and IL-12 also exhibited decreased weight loss and dramatically enhanced survival after lethal challenge with infectious influenza virus. Protection was dependent upon the presence of B cells and could be transferred to naive mice by inoculation of either serum or BAL fluid from IL-12-treated mice. These findings show for the first time that soluble IL-12 delivered in serves as a powerful respiratory adjuvant for protective antiviral immunity.
Mucosal surfaces represent both the first line of defense against pathogenic organisms and the primary interface between the host and the environment [1] . As a result, there is continued interest in the effective induction of mucosal immunity for prevention of infections. In fact, there is an urgency to develop more potent vaccines and targeted methods for delivery that elicit both mucosal and systemic immunity [2] . Unfortunately, current vaccine strategies involving mucosal routes of immunization are limited by a lack of suitable mucosal adjuvants that can be safely given to humans [3, 4] . Mucosal adjuvants, such as cholera toxin (CT) and Escherichia coli enterotoxin (LT) are potent adjuvants but cause severe diarrhea in humans and induce Th2 responses that can exacerbate lung pathology rather than enhance protection [5, 6] .
Interleukin (IL)-12 is a well-characterized heterodimeric cytokine that is produced by antigen-presenting cells such as macrophages, dendritic cells, and Langerhans cells [7] [8] [9] . IL-12 has profound regulatory effects on the immune system through its ability to preferentially activate Th1 and NK cells and to induce interferon (IFN)-g production [9, 10] . A number of studies have shown that IL-12 also strongly stimulates serum IgG2a and IgG3 antibody responses to protein and hapten-carrier antigens [11] [12] [13] [14] [15] [16] [17] [18] . Recent evidence indicates the importance of IL-12 in mucosal-associated immune defenses. Therapeutic IL-12 treatment of mice has been shown to decrease infection by various respiratory pathogens, including Klebsiella pneumonia and Mycobacterium avium [19, 20] . In addition, individuals with deficiencies in IL-12 receptor expression have difficulty in developing protective immunity to respiratory mycobacterial and enteric salmonella infections [21, 22] .
Because of its immune stimulating properties, there is continual interest in utilizing IL-12 as a vaccine adjuvant. However, there is very little information about the application of soluble recombinant IL-12 as a vaccine adjuvant for mucosal immunization. Marinaro et al. [23] reported that oral administration of liposome-encapsulated IL-12 redirected systemic immune responses toward Th1-type profiles with enhancement of serum IgG2a and IgG3 antibody production. However, oral IL-12 inoculation did not affect secretory IgA levels. In addition, Okada et al. [24] showed that intranasal (in) immunization with a human immunodeficiency virus (HIV) DNA vaccine in an IL-12-and granulocyte-macrophage colony-stimulating factor-expressing plasmid augmented mucosal and cell-mediated immune responses against HIV-1 antigens. Intratracheal inoculation of IL-12 has been reported to inhibit anti-adenovirus IgA antibody expression in bronchoalveolar lavage (BAL) fluid without affecting IgG levels, but the effects of IL-12 were not thoroughly characterized in terms of IgG isotypes [25] . In addition, the intratracheal route of IL-12 delivery was invasive and thus not pertinent to vaccination strategies. There are no reports as yet examining the ability of IL-12 given in to enhance the protective capacity of mucosal vaccines against pathogenic organisms.
We previously showed the ability of IL-12 delivered in together with a model hapten-carrier antigen to enhance both mucosal and systemic anti-hapten antibody responses [26] . In the present study, we have examined whether in administration of IL-12 with an influenza subunit vaccine is able to enhance the protective efficacy of vaccination to a respiratory pathogen. The immune response of mice to influenza virus is especially well characterized and provides an attractive model to analyze the adjuvant properties of IL-12 at mucosal surfaces. Furthermore, Monteiro et al. recently reported that endogenous IL-12 is important in the immune response of mice to influenza virus [27] . Our results show that IL-12 coadministered with an subunit influenza vaccine in markedly enhances protection against lethal challenge with influenza virus. These findings show that IL-12 delivered in is a potent vaccine adjuvant for augmenting protective mucosal immunity.
Methods
Mice. Six-to eight-week-old female BALB/c mice were obtained from the National Cancer Institute (Bethesda, MD). C57BL/ 6 wild-type and IgM-deficient (mMT) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were housed in the animal facility at the Medical College of Ohio and provided food and water ad libitum. All animal care and experimental procedures were performed in compliance with the Institutional Animal Care and Use Committee guidelines.
Immunizations. Intranasal treatments were performed on mice that had been anesthetized intraperitoneally (ip) with a combination of Ketamine HCL (Fort Dodge Laboratories, Fort Dodge, IA) and Xylazine (Bayer Corporation, Shawnee Mission, KS). Mice were immunized in on day 0 with 25 mL of sterile PBS containing 1 mg of subunit influenza vaccine consisting of soluble hemagglutinin subtype 1 (H1) and neuraminidase subtype 1 (N1) purified from influenza virus A/PR8/34 (provided by Dr. Doris Bucher, New York Medical College, NY). This was followed on days 0, 1, 2, and 3 with in inoculation of 1 mg of recombinant murine IL-12 in PBS containing 1% normal mouse serum (PBS-NMS) or, in the case of control mice, with PBS-NMS only. Mice were boosted in with the same amount of vaccine on days 14 and 28. On day 28, the mice also received IL-12 in PBS-NMS or PBS-NMS only. No toxicity was observed with this treatment regimen. Sera were prepared by bleeding mice from the orbital plexus.
RNA isolation and ribonuclease protection assay. Total RNA isolation from snap-frozen spleens and lungs was performed with the Ambion Total RNA Isolation Kit (Austin, TX) according to the manufacturer's instructions. Briefly, the frozen tissues were homogenized with a mortar and pestle and immediately transferred into tubes containing 1.0 mL of denaturation solution. After phenol-chloroform extraction, the homogenized samples were centrifuged at 10,000 g for 10 min at 4ЊC. The supernatants were subjected to another round of phenol-chloroform extraction, and the resulting RNA was precipitated with isopropanol, washed twice with 75% ethanol, and dissolved in diethyl pyrocarbonate-treated water. The concentration of total RNA was determined by spectrophotometric analysis at 260 nm. Cytokine mRNA levels were determined by use of the RiboQuant multiprobe ribonuclease protection assay system (Pharmingen, San Diego, CA) according to the manufacturer's instructions. Briefly, 10 mg of total RNA was hybridized to a 32 P-labeled RNA probe overnight at 56ЊC. The single-stranded nucleic acid was digested with ribonuclease for 45 min at 30ЊC, subjected to phenol-chloroform extraction, and resolved on a 6% denaturing polyacrylamide gel. Transcript levels were quantified on a Storm 840 PhosphorImager (Molecular Dynamics, Sunnyvale, CA). Total RNA was normalized to the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase, and relative cytokine mRNA levels were expressed as arbitrary values.
Collection of bronchoalveolar lavage fluid. For collection of BAL fluid, the mice were killed and their tracheas intubated by using a 0.58 mm OD polyethylene catheter (Becton Dickinson, Sparks, MD). The lungs were then lavaged 2-3 times with PBS Total RNA was isolated, and IFN-g and IL-10 tranvaccine ‫ע‬ IL script levels were analyzed by using multiplex ribonuclease protection assay. Relative RNA levels were quantitated on a phosphorimager and normalized to glyceraldehyde 3-phosphate dehydrogenase. The cytokine mRNA levels are expressed as arbitrary . units ‫ע‬ SE containing 5 mM EDTA. The recovered BAL fluid was centrifuged at 12,000 g for 5 min at 4ЊC, and the supernatant was stored at Ϫ70ЊC until use.
Detection of antibody and isotype levels by ELISA. Anti-H1N1 levels in serum and BAL were determined by ELISA with minor modifications to a procedure described elsewhere [11, 28] . Briefly, microtiter plates (Nalge Nunc International, Rochester, NY) were coated overnight with 1 mg/mL of H1N1 in PBS. The plates were washed with PBS containing 0.3% Brij-35 (Sigma, St. Louis) and blocked for 1 h at room temperature with PBS containing 5% fetal calf serum (Hyclone Laboratories, Logan, UT) and 0.1% Brij-35. Serial dilutions of serum were added and the plates incubated for 2 h at room temperature. The plates were washed and incubated with goat anti-mouse total Ig, IgG1, or IgG2a conjugated to alkaline phosphatase (Southern Biotechnology Associates, Birmingham, AL). After incubation for 1 h, the plates were washed, and p-nitrophenyl phosphatase substrate was added to obtain color development. Plates were read at 405 nm with an ELISA microplate reader (Bio-Tek Instruments, Winooski, VT). To detect IgA, the plates were incubated with goat anti-mouse IgA conjugated to biotin (Sigma), then washed and incubated with alkaline phosphataseconjugated streptavidin (Bio-Rad, Richmond CA). In all cases, appropriate working dilutions and isotype specificities of the secondary antibody conjugates were determined by use of purified myeloma proteins of known isotypes (Sigma). Statistical significance was determined by using a 2-tailed Student's t test. Data were considered statistically significant if P values were !.05 by use of 50% end-point titers.
Virus challenge. For protection studies, mice were immunized in on day 0 with 25 mmL of PBS containing 1 mg of H1N1 subunit influenza vaccine. This was followed on days 0, 1, 2, and 3 with in inoculation of 1 mg of IL-12 in PBS-NMS or with PBS-NMS only. Some mice received only IL-12 in PBS-NMS or only PBS-NMS (no H1N1 subunit vaccine). Approximately 4-5 weeks after primary immunization, viral challenge was performed by use of infectious A/PR8/34 influenza virus (provided by Dr. Doris Bucher) administered in to anesthetized mice in 40 mL of sterile PBS. The mice were weighed daily and monitored for morbidity and mortality. Survival data were analyzed by use of a log-rank test and compared by use of x 2 analysis. Passive transfer of sera and BAL fluids. For passive transfer experiments, sera were obtained on day 28 after in immunization with the H1N1 subunit vaccine. Mice were injected ip with 100 mL of a 1 : 10 dilution of pooled serum and challenged 5 h later with infectious influenza virus in The BAL fluid collected from mice on day 35 after in immunization with H1N1 subunit influenza vaccine was centrifuged to remove cells, and the supernatant was administered in to anesthetized mice together with virus in a total volume of 40 mL.
Results

Intranasal IL-12 administration induces expression of Th1-type cytokine responses in the lungs and spleens of immunized
mice. IL-12 given parenterally has profound regulatory effects on the immune system through its ability to preferentially activate Th1 and NK cells and induce IFN-g production [9, 10] . By use of ribonuclease protection assay, it was found that IFN-g mRNA levels were increased 2-fold in the lungs of animals 24 and 48 h after in treatment with H1N1 plus IL-12, compared with mice that received vaccine alone (table 1). In the spleens of these animals, IFN-g mRNA was elevated 5-fold at 24 h and 2-fold at 48 h after IL-12 treatment. It has been shown previously that treatment with IL-12 enhances expression of IL-10 mRNA [26, [29] [30] [31] . IL-10 mRNA expression was enhanced 5-fold in the lungs after IL-12 treatment. Splenic IL-10 mRNA levels were increased 8-fold at 24 h and 5-fold at 48 h after IL-12 treatment. Similar results were also obtained by use of reverse transcription-polymerase chain reaction (data not shown).
Coadministration of an in vaccine plus IL-12 has potent effects on systemic antibody responses. We previously showed the ability of parenteral administration of IL-12 to alter isotyperestricted antibody responses to hen egg white lysozyme [11] . In addition, we recently showed that IL-12 delivered in modulates both mucosal and systemic immunity to the DNP hapten [26] . The present study shows that IL-12 delivered in has similar effects on antibody responses to H1N1 influenza vaccine. Fourteen days after immunization with vaccine by itself or together with IL-12, there was little detectable serum IgG1 anti-H1N1 antibody (figure 1). In contrast, IgG2a anti-H1N1 antibody levels were markedly enhanced after IL-12 treatment, compared with mice that received vaccine alone. Therefore, in IL-12 treatment resulted in early activation of serum IgG2a antibody responses.
Similar analyses were performed on day 35 sera to determine the long-term effects of in IL-12 treatment. At this time point, IL-12-treated mice had 6-fold higher levels of total anti-H1N1 serum antibody than mice immunized with the vaccine alone (figure 2). Total (nonspecific) Ig was increased 3-fold after in IL-12 treatment (data not shown). IgG2a antibody levels were still dramatically enhanced in mice that received IL-12. Furthermore, IgG1 anti-H1N1 antibodies, evident in both exper- imental and control groups, were moderately elevated in IL-12-treated mice, compared with mice receiving only vaccine, an observation that is consistent with earlier findings [11] . There was no IgA detected in the sera of any of the mice. The results clearly show the ability of IL-12 coadministered as an adjuvant and delivered in a noninvasive form to enhance serum antibody levels.
Intranasal IL-12 delivery enhances respiratory antibody levels. We next assessed antibody responses in BAL fluid from in immunized mice. Analyses of BAL fluid collected on day 35 of the immune response revealed that IL-12-treated mice had enhanced mucosal antibody responses to H1N1 subunit influenza vaccine. As a group, in IL-12 treatment resulted in 15-fold increases in total anti-H1N1 respiratory antibody production compared with mice immunized with vaccine alone ( figure  3 ). In addition, there was a 13-fold increase in total nonspecific Ig in the BAL fluid of mice that received H1N1 plus IL-12 in (data not shown). Importantly, animals that were immunized and treated with IL-12 displayed elevated BAL fluid IgA anti-H1N1 antibody levels compared with animals not exposed to IL-12. This result is in stark contrast to the absence of detectable IgA in the circulation of these mice. It was also found that levels of both IgG1 and IgG2a anti-H1N1 antibodies were enhanced in BAL fluid after IL-12 administration compared with mice that received vaccine alone. There were only trace amounts of albumin detected in respiratory secretions, showing that the enhancement of IgG was not the result of leakage from blood (data not shown). These results firmly establish the influence of IL-12 delivered in in augmenting respiratory antibody expression.
IL-12 administration increases the protective effects of influenza subunit vaccination. We next assessed the effects of coadministrating IL-12 and H1N1 in on survival and clinical outcome after challenge with influenza virus. Mice were immunized in with H1N1 vaccine on day 0 and treated with 1 mg of IL-12 or PBS vehicle on days 0, 1, 2, and 3. Some mice received only IL-12 or PBS vehicle. Four to 5 weeks after immunization, the mice were inoculated in with infectious A/PR8/34 influenza virus and monitored daily for morbidity and mortality. In the first experiment, a dose of virus was used that allowed 50% survival of mice after exposure to just vaccine (figure 4A). It was found that inclusion of IL-12 during vaccination resulted in 100% survival and significant reduction in illness, as evidenced by reduced weight loss, compared with mice that received vaccine alone. Mice that were pretreated with IL-12 or PBS-NMS only (no H1N1 subunit vaccine) displayed progressive weight loss, and all died within 11 days after virus challenge.
In a second experiment, a larger dose of virus was used for challenge such that vaccination with H1N1 alone afforded little, if any, significant protection (figure 4B). In this case, it was found that vaccination with H1N1 and IL-12 resulted in 50% survival after challenge. Recovery from infection in the surviving mice was evidenced by regaining body weight. As expected, animals that received IL-12 or PBS-NMS alone did not survive virus challenge. Hence, coadministration of IL-12 and the H1N1 subunit influenza vaccine in increased the efficacy of the vaccine and conferred significant protection against lethal doses of live influenza virus.
Enhanced protection against influenza infection after vaccination with H1N1 plus IL-12 is antibody-mediated.
To ascertain the role of humoral immunity in protection from influenza virus infection, we examined the responses of B cell-deficient C57BL/6 mMT mice [32] . It was found that all mMT mice pretreated with PBS alone, vaccine alone, or vaccine plus IL-12 succumbed to infection by day 10 (figure 5). Wild-type C57BL/ 6 mice pretreated with PBS alone died 12 days after infection. In addition, all mice displayed a steady, progressive loss of body weight. Thus, the enhanced protection conferred by IL-12 treatment is a result of augmented B cell function.
To further determine whether protection against influenza virus observed in mice inoculated in with vaccine and IL-12 was mediated by antibody, we transferred pooled serum from wild-type BALB/c mice into naive syngeneic animals, which were then challenged with A/PR8/34 influenza virus 5 h later. Of the animals that received serum from mice inoculated with vaccine or PBS-NMS only, all succumbed to infection ( figure  6 ). However, animals that received serum from mice immunized with the vaccine plus IL-12 exhibited 50% survival after viral challenge.
We also determined whether antibodies generated in the respiratory secretions of immunized mice played a crucial role in protection against influenza virus infection. BAL fluid recovered from unvaccinated BALB/c animals or animals immunized with -12 was administered in to naive mice together H1N1 ‫ע‬ IL with live virus. The results showed that virus challenge together with passive transfer of BAL fluid from mice that were treated with PBS-NMS alone resulted in 100% death by day 7 (figure 7). Virus challenge in the presence of BAL fluid from mice immunized with H1N1 alone resulted in survival of only 1 of 8 infected mice. However, 100% of the animals that received BAL fluid from mice treated with H1N1 plus IL-12 were protected against virus infection. These mice exhibited no transient weight loss over the course of the infection, whereas both of the other treatment groups displayed progressive weight loss leading to death. Furthermore, mice that received BAL fluid from animals immunized with vaccine alone had viral lung titers of 10 3 pfu on day 4 after infection, whereas mice that received BAL fluid from animals treated with vaccine plus IL-12 had viral lung titers !100 pfu. Thus, passive transfer of BAL fluid in from mice immunized with H1N1 subunit vaccine plus IL-12 provided dramatic protection against influenza virus challenge.
Discussion
There is substantial interest in developing effective vaccines that can be delivered in a noninvasive fashion and that induce both mucosal and systemic protective immunity. The major reason for stimulating mucosal immunity is to prevent infection at the site of initial contact between the host and the pathogen [1] . A potential limitation of this approach is the lack of effective adjuvants that augment mucosal immune responses and are clinically relevant. We have now shown for the first time that IL-12 delivered in with an influenza subunit vaccine serves as a potent adjuvant and confers increased protection against subsequent viral infection. Use of B cell-deficient mice and passive transfer of serum or BAL fluid showed that the protection induced by IL-12 is mediated by antibody.
Analysis of cytokine mRNA production after in treatment of mice with IL-12 revealed an enhancement of IFN-g mRNA expression in both lungs and spleen within 24 h. IFN-g has a variety of immunoregulatory functions, which include induction of Th1 cell differentiation and activation of NK cells [33] . In addition, IFN-g enhances the production of opsonizing murine antibodies such as IgG2a [11, 13, 14, 17] . IL-10 mRNA expression was also induced in lungs and spleens by in treatment with IL-12. IL-10 is mainly produced by T cells and monocytes and has been shown to inhibit Th1-cell differentiation [34, 35] . Others [29] [30] [31] have shown induction of IL-10 after treatment with IL-12, an observation that suggests a feedback mech- anism designed to down-regulate the inflammatory effects of IL-12 and IFN-g.
The role of endogenous IL-12 during influenza virus infection has been recently characterized by Monteiro et al. [27] . Specifically, increased expression of IL-12 was detected in the lungs of BALB/c mice during the early onset of influenza virus infection. The endogenous IL-12 was primarily involved in early NK cell-dependent IFN-g production, and neutralization of IL-12 resulted in significant increases in viral lung titers. Further evidence for the requirement of IL-12 in mucosal-associated defenses was recently shown in individuals who lack IL-12 receptor b1 chain expression and who therefore have an impaired ability to control recurrent mycobacterial and salmonella infections [21, 22] . On the basis of these findings, we examined the ability of exogenous IL-12 to be utilized as a vaccine adjuvant for stimulating specific mucosal immunity.
Our laboratory previously showed that IL-12 given parenterally alters the isotype-restricted antibody response of mice to hen lysozyme [11] . Parenteral injections of IL-12 plus lysozyme greatly elevated antigen-specific serum IgG2a levels and temporarily suppressed IgG1 antibody production. In addition, others [14] [15] [16] [17] [18] have shown that ip IL-12 administration enhances serum IgG2a, IgG2b, and IgG3 antibody responses to protein antigens. Parenteral IL-12 can also enhance IgG2a and IgG3 levels against T-independent polysaccharide antigens [28] . Furthermore, we recently showed that IL-12 delivered in together with a model hapten-carrier antigen is capable of influencing anti-hapten antibody responses in a similar manner [26] . In the present study, we examined the effects of in IL-12 on responses to a clinically relevant influenza subunit vaccine. IL-12 treatment was found to have a strong effect on the early onset of the humoral response, as reflected by significant enhancement of IgG2a anti-H1N1 antibody levels. In comparison, animals that received vaccine alone did not develop early IgG2a responses. There was little detectable IgG1 antibody during the early phase of the immune response in animals that received vaccine alone or vaccine and IL-12. After 35 days, IgG2a levels were still enhanced in IL-12-treated mice, and IgG1 levels were also somewhat elevated, an observation that is in agreement with our previous findings in the lysozyme system [11] . These results show the long-lasting effects of IL-12 delivered in and provide further evidence for the use of this route of administration for augmenting systemic humoral immunity. In our in treatment schedule, IL-12 was inoculated for 4 days around the time of vaccine administration. This regimen, although very productive, has limited practicality for human vaccination, and we are currently examining the effectiveness of a single in inoculation of IL-12 and vaccine.
IL-12 in administration also resulted in significant increases in respiratory antibody levels, including IgG and IgA anti-H1N1 antibody levels. IgA is the predominant antibody in mucosal secretions and is thought to play a major role in preventing attachment of pathogens to mucosal epithelial surfaces [36] . Whereas secretory IgA was elevated in the mucosal compartment, only very low amounts of IgA were present in the circulation after in immunization. In a recent study, in application of IL-12 together with tetanus toxoid was also shown to augment secretory IgA antibody levels [37] . The increase in serum and BAL fluid IgG antibody levels after IL-12 treatment provides further support for the use of IL-12 as a potent mucosal adjuvant. Among the murine isotypes, IgG2a is the isotype that mediates optimal complement fixation and opsoni- zation. Tang and Graham [38] have determined that increased IgG2a production in the sera after parenteral IL-12 administration enhances the efficacy of respiratory syncytial viral vaccine; however, mucosal antibody production was not examined. Studies by Nedrud et al. [39] established that protection of the lower respiratory tract from parainfluenza infection is correlated with the presence of IgG antiviral antibodies in BAL fluid. In addition, Palladino et al. [40] have shown that IgG antibody is the principal mediator of recovery from influenza virus pneumonia. Therefore, the ability to enhance the expression of IgG in mucosal-associated compartments is likely to be an important feature of IL-12-mediated protection.
We have also shown that passive transfer of serum or BAL fluid collected from mice immunized with subunit influenza vaccine and IL-12 resulted in significant protection from morbidity and mortality. It has been suggested that cell-mediated immune responses are crucial for recovery from viral infections, whereas humoral immunity is vital for protection against virus challenge [40] . There is also recent evidence indicating that CD8 T cells provide protective immunity against influenza virus B infections in mice lacking Ig and mature B cells [41] . However, it is becoming clear that antibodies play a major role in recovery from viral infections [42] . Several groups have shown that B cell-deficient animals are highly susceptible to lethal influenza A virus infection compared with wild-type littermates [43] [44] [45] . In fact, the ability of IL-12 to augment antibody levels and enhance protection against influenza virus infection is completely abrogated in mMT mice. The augmented protection conferred by passive transfer of BAL fluid observed here is likely to be the result of significantly enhanced respiratory antibody levels observed after in IL-12 treatment. Secretory IgA has been reported to be the main mediator of mucosal immunity to influenza virus infection [36, 46] . However, IgA was not detectable in serum which also transferred protection, and there is evidence to suggest the importance of IgG2a antibody expression in viral defenses [39, 40, 42] . Further experiments are in progress to examine which antibody isotype in the BAL fluid is responsible for the observed protection. Wynn et al. previously reported that serum transferred from animals vaccinated and treated ip with IL-12 conferred enhanced protection against subsequent challenge with cercariae of Schistosoma mansoni, showing that humoral immunity induced by IL-12 also plays an important role in protection from parasitic diseases [17] .
There is continual interest in developing mucosal-based vaccines for a variety of different pathogens, including HIV. Adjuvants that have been used to enhance mucosal immune responses include microbial products such as CT and LT, which have been utilized in a variety of delivery systems [3, 4] . CT is a potent inducer of Th2-type responses, whereas LT elicits a mixed Th1 and Th2 response [23, 47] . However, these adjuvants cause severe diarrhea and are not suitable for use as mucosal adjuvants in humans. There is also a recent report suggesting that CT actually suppresses IL-12 production and IL-12 receptor expression [48] . Furthermore, in respiratory syncytial virus lung infections, Th1 responses are protective, while Th2 responses result in lung pathology [5, 6] . Recently, in IL-12 application was found to inhibit lung eosinophilia after airway challenge in sensitized mice [49] . In the same study, it was reported that low doses of in IL-12 treatment did not cause splenomegaly in these animals. In fact, while parenteral administration of IL-12 can cause significant pathology [50] , in delivery of IL-12 may be a preferred route of administration to minimize treatment related toxicity. The ability of IL-12 administered in to enhance the protective efficacy of an influenza vaccine is therefore of direct relevance for mucosal and systemic vaccination protocols.
